The onset of export during leaf development was correlated with changes in metabolism and ultrastructure and with patterns of solute distribution in the developing seventh leaf of sugar beet (Beta vulgaris L.) in order to study the cause of initiation of translocation. Infrared gas analysis of carbon dioxide uptake showed a broad peak for net photosynthesis dm(2 at 35 to 40% final laminar length. Pulse labeling with 14CO2 demonstrated that maximum import of translocate occurred at 25% final laminar length; export was first observed at 35% final laminar length. Between 40 and 50% final laminar length a rapid increase in amount of export occurred, primarily as a result of the increase in the area of leaf which was exporting. Whole leaf autoradiography revealed that onset of phloem loading spread basipetally from the leaf tip; loading was initiated at about 22% final laminar length and was essentially complete by 50% final laminar length. Those areas which clearly exhibited loading no longer imported from other parts of the plant while the area in transition still appeared to import label from source regions.
14CO2 demonstrated that maximum import of translocate occurred at 25% final laminar length; export was first observed at 35% final laminar length. Between 40 and 50% final laminar length a rapid increase in amount of export occurred, primarily as a result of the increase in the area of leaf which was exporting. Whole leaf autoradiography revealed that onset of phloem loading spread basipetally from the leaf tip; loading was initiated at about 22% final laminar length and was essentially complete by 50% final laminar length. Those areas which clearly exhibited loading no longer imported from other parts of the plant while the area in transition still appeared to import label from source regions.
There was little difference between source and sink leaf tissue in the kinetic parameters Kj and Jmas (30) for uptake of exogenous sucrose supplied via free space. The concentration of solutes in sieve elements and companion cells of the sink leaf was highest in the mature tip area and gradually decreased in the direction of the immature base. There appeared to be no dramatic structural transformation within the phloem of the minor veins that was closely correlated with the time when phloem loading or export began. Rather, there appeared to be a gradual differentiation of phloem which resulted in a sizable proportion of the population of minor vein sieve elements and companion cells attaining maturity in the older sink regions prior to initiation of phloem loading. The area of the leaf undergoing development appeared to exhibit the beginnings of phloem loading 30 to 45 hours prior to onset of export. Import continued into the area in transition until the full level of vein loading was attained. Structural maturation of the phloem and onset of phloem loading are felt to be more preparatory in nature rather than immediately causal events which triggered export.
The initiation of export out of a developing leaf, we believe, is the result of the increasing solute content within the sieve element and companion cells of the minor veins, in particular.
The higher osmotic pressure in the sieve tubes causes a reversal of the previously inward directed gradient and produces a mass 'This work was supported in part by National Science Foundation Grant GB-33803. 2 Present address: Department of Botany, University of Illinois, Urbana, 111. 61801 . ' To whom correspondence should be addressed.
flow, through unobstructed sieve elements, out of the new source region of the leaf.
Young developing leaves are recognized as importers or sinks for phloem translocate, while mature leaves are exporters or sources. The cause-effect relationships of events leading to the onset of translocation of sugar out of a developing leaf of a higher plant are poorly understood. Although there have been a number of studies in this area (19, 22, 32, 35) , details of the mechanism remain unproven.
A number of events show a direct correlation with the onset of export from the developing leaf. These events include the increase of net photosynthesis (3, 17) , decline of import (17, 35, 37) , onset of phloem loading (21) , and changes in leaf anatomy (18) . The simple fact of a general correlation in time does not distinguish events which are preparatory in nature from those which are causes or effects of the onset of export. Direct causal events would be expected to correlate very closely in time while preparatory events would precede the event in question by a longer period of time.
The present study is an attempt to review various events which are observed to correlate with the onset of translocation out of a developing leaf with a view to possible mechanisms responsible for the start of export. A variety of techniques including autoradiography of phloem loading, ultrastructural studies, solute distribution mapping, and osmotic pressure measurements were used. Several sets of measurements were made on the same leaf and all data were taken from leaves with the same developmental history to minimize between-sample variation. We attempted to work out a detailed time course for events in order to determine which ones most closely preceded the beginning of export. Many of these events studied correlated in time with onset to a greater or lesser extent. The attainment of a threshold value for the osmotic pressure in the sieve element-companion cell complex of the developing leaf appeared to correlate most closely and seems most likely to be the event which triggers translocation out of the young leaf.
MATERIALS AND METHODS Plant Material. Sugar beet (Beta vulgaris L., Klein-E-type monogerm hybrid) plants were cultivated according to techniques described by Geiger and Swanson (10) . The No. 7 leaf (Nos. 1 and 2 being the first two foliage leaves) was selected as the experimental leaf and all work was conducted on the leaf with the exception of leaf disc uptake studies which included leaves 6 through 9. All experimental plants were screened for similar external characteristics such as leaf size Measurement of Labeled Translocate. The gas flow method for supplying 14CO2 to the leaf was that used by Geiger and Swanson (10) . The night before an experiment, plants were trimmed to include a three leaf system consisting of leaves No. 4 or 5 plus 7 and 8. In all pulse labeling experiments 14CO2 was generated from NaH`4C03 solution of known specific radioactivity by addition of phosphoric acid (10) . Before and after the labeling period the chamber was flushed with air at a flow rate of 1000 cc/min. Specific radioactivity of 'CO2 was varied according to the photosynthetic capacity of the leaf measured by the infrared gas analyzer prior to the labeling period. An uptake rate of 30 to 40,uCi within 10 min was sought, with an additional 50 min chase period to allow translocation out of the leaf. Based on comparison with data from preliminary experiments with intact untrimmed plants, the trimmed experimental plants appear to be an effective simplified system for studying the transition. In all experiments, plants included a leaf known to be a source (4th or 5th) and one known to be a sink (8th) along with the experimental leaf (7th). In trimmed plants the import and export abilities were found not to be appreciably affected by lack of direct vascular connections, i.e., by not being situated in the same orthostichy (10, 20) . To obtain a valid estimate of export, the time course of translocation of a pulse of labeled material was considered and an optimal sampling time was selected to coincide with the phase of rapid'4C export from the source leaf (12) . At this point the greatest differences in transport between leaves at various stages of maturity could be observed. To determine the portion of total fixed carbon which was exported or the proportion of exported label which was imported into a particular region, the plant was divided into source and sink regions and converted to CO2 by Van Slyke oxidation (10);14C was measured with an ion chamber electrometer.
Autoradiographic Methods. The leaf was taken from the labeling chamber immediately after the translocation period.
If too large, the midrib was removed to prevent redistribution of assimilates from slow drying and the leaf was placed between sheets of blotter paper, under weights, and dried at 56 C in a forced air oven for 12 to Solute Distribution Studies. In the osmotic pressure analysis, the upper epidermis of a "CO2-labeled developing sink leaf and a nonlabeled source leaf on the same plant were gently abraded with 600 grade Alundum. Strips 0.5 X 8 mm were excised under water from the tip, middle, and base of one side of the sink leaf, and the tip of the source leaf, respectively. Strips from each of the three regions of the sink leaf were floated on 0.4, 0.6, 0.8, and 1.0M mannitol for 30 min. Details for the study of the source leaf have been reported previously (14) . After being blotted dry, tissue pieces were frozen quickly in isopentane at -175 C and freeze-substituted as above.
To provide data for statistical analysis, five samples for light microscopy were taken from each of the three regions of the developing leaf for the 0.8 and 1.0M concentrations. Tissues for the 0.4 and 0.6M concentrations exhibited no plasmolysis of the companion cells (cc) and sieve elements (se) and were not analyzed.
Slides were coded and randomized for analysis. Scoring of osmotic pressure was based on the number of cells of a given type observed to be unplasmolysed, out of a total of 50 cells of each cell type (cc and se) within each of the five vein orders (5) , provided all were present in the tissue pieces.
The notation and system for osmotic quantities used in this study are after Nobel (27) Several workers have reported that the onset of export occurred between one-third to one-half full leaf expansion (17, 19, 37) . The rates observed in this study were close to those reported by
Geiger and Sovonick (12) for sugar beet leaves of similar size.
The rate of import into the developing leaf increased rapidly from 15 to 25% FLL (Fig. 1) . The rate began to decline after approximately 25% FLL and was nearly zero by 45% FLL.
The initial increase presumably resulted from the increase in sink size during leaf growth, while the decline appeared to result primarily from a decrease in the area of the leaf still importing. Thrower (32) showed that maximum import in developing soybean leaves also occurred at approximately 25% full expansion and that export was noted at 30% full expansion, shortly after import had begun to decline. Similar patterns in which import reached a maximum and then declined prior to onset of export have been reported in cucumber (17) and squash (37) .
There is a period during the transition from sink to source when the leaf both imports and exports (Fig. 1 ). This period of bidirectional transport through a petiole is well established in the literature (1, 19) and consistently occurs in leaves and petioles which were approximately half-grown (34 shows the decrease in area importing from source regions. Data points for the latter omitted for clarity. All curves fitted with 3rd order polynomial using least squares criterion.
time as onset of export out of the maturing leaf. However, a precise study of the time course of the two processes was not made at that time, making it difficult to determine if loading was an immediate cause of the onset of export.
To determine the pattern of import and export of labeled translocate in developing leaves, a series of 60 leaves of graded sizes was autoradiographed following labeling with "4CO2, or with translocate from a source leaf supplied '4CO2. Several examples are shown in Figure 3 . Figure 3 , A, B, and C, shows leaves which were importing '4C-translocate from a mature source leaf. The youngest leaf (Fig. 3A) at 25% FLL contained label throughout the lamina. The label appeared to be in highest amount in all the major veins down to the III and IV orders as well as in the mesophyll, especially within the lower twothirds of the blade. Even at this stage, at which time maximum 879 Plant Physiol. Vol. 54, 1974 import was occurring (Fig. 1) , the tip of the leaf appears to be starting to decrease import capacity. Figure 3B shows a leaf at approximately 36% FLL, a point at which bidirectional transport was probably occurring in the petiole. The tip one-third to one-half of the leaf no longer imported label. The border of the nonimporting area was often found close to a I or II order vein. A leaf just entering the steepest part of the export curve at 44% FLL (Fig. 1) is shown in Figure 3C . The area receiving label was reduced and localization within veins smaller than III was difficult to detect. The mesophyll appeared as a featureless background area between the lowest order veins. A similar basipetal loss of import capacity was observed in sugar beet, tobacco, and squash by Turgeon and Webb (35) , as well as in cottonwood leaves by Larson and Dickson (23) .
Leaves that were exposed to "4CO2 and allowed to photosynthesize and translocate for 60 min to determine their source capacity presented a different picture (Fig. 3 D, E, and F) (Fig. 3A) showed the highest level of labeling by photosynthesis (Fig. 3D) Figure 3A was importing over the whole lamina.
As the leaves matured, the process of phloem loading continued its basipetal sweep and a third zone appeared. A leaf of this type, at 34% FLL, is shown in Figure 3E . The The failure of Turgeon and Webb (35) to ob^erve the lag is probably the result of a difference in resolution achieved in the autoradiographs. It is a!so possible a physiological difference between the species used is the cause.
To quantify the basipetal sweep of initiaticn of phloem loading and cessation of importing, area measurements were taken from autoradiographs of leaves importing and exporting label.
The results are shown in Figure 2 . The increase in area no longer importing label from the source regions corresponds quite closely to the increase in area showing a full degree of phloem loading. These areas were judged by whole leaf autoradiography using the sink assay and source assay, respectively. It appears that achievement of a full phloem loading capacity brings about cessation of import. Shortly after the leaf had achieved 50% FLL no import was observed except for occasional traces within the midrib which may have been the result of redistribution in the xylem (23) . The proportion of the leaf showing phloem loading increased from 0 to 100% as the leaf increased from 22 to 50% FLL (Fig. 2) (Fig.  1) at which time approximately half of the leaf area showed full phloem loading (Fig. 2) . Phloem loading was clearly not sufficient to cause export from the leaf. Loading may be regarded as a requisite but of itself does not directly trigger onset of export. These data indicate that some minimum amount of accumulation is required to initiate export even after the sieve tubes are mature and open. This issue will be addressed below. Given a certain lag in time, there was a close correlation between the increase in area loading and the increased rate of translocation (compare Figs. 1 and 2 ).
While bidirectional transport within the same petiole has been observed within a developing leaf (1. 19, 34) , the autoradiographic methods used in this study could neither confirm nor refute translocation from a sink area to a source area within the same leaf.
Sucrose Uptake by Leaf Discs. Sucrose is the principal sugar absorbed by the minor veins in sugar beet (36) . Source and sink regions of developing leaves were supplied various concentrations of "4C-sucrose to determine if there is a difference in the mechanism of sucrose uptake between source and sink tissue.
Autoradiographs of sink and source tissue labeled by 'C-sucrose solution are shown in Figure 4 , A, B, C, and D. The distribution pattern for label was similar to the patterns in autoradiographs of tissue which has assimilated "CO2. Source tissue accumulated label within all five orders of veins (Fig. 4 , A and C). In the sink tissue (Fig. 4, B and D Fig. 4, A and C) (Fig. 4G) , was at the ideal stage near the midpoint of transition; it was just beginning to show marked export while still importing. The following data from this 42% FLL leaf were considered to be consistent with, and typical of, that which was observed in our other experiments.
Higher magnification of the three sample areas from the 42% FLL leaf, tip (Fig. 4H), middle (Fig. 41) (11) . From over 300 separate observations on leaves containing all three areas, from numerous blocks at different levels in the block, from cross sections and paradermal sections, it appeared that 90 to 95% of the V order veins from the loading and exporting tip of the leaf were mature. Immature veins usually contained mature or nearly mature phloem and nonfunctional xylem. In the importing base of the leaf 60 to 70% of the V order veins were mature. A large proportion of the immature veins lacked not only functional xylem, but also had relatively immature sieve elements.
The chemically fixed tissue, aside from degrees of differentiation, was similar in structure to that reported previously in the literature (5, 6, 11, 13) and will not be detailed here. The general pattern of sieve element differentiation was also similar to that of many recent studies (7, 8, 38) .
The mature sieve element prepared by freeze substitution presented a different picture from that obtained by chemical fixation. The lumen was clear of protein filaments; plastids were the only organelles away from the wall. The wall appeared to have the P-protein fibrils in close association with the plasma membrane and sieve plates were found to have little callose and open pores as reported previously (15) . The plasmodesmata between sieve element and companion cells of chemically fixed material (Fig. 4E ) appeared to have a callose cylinder about 290 A in diameter, with a dense interior core of about 200 A observed in plasmodesmata by Robards (29) . Plasmodesmata between se and cc in freeze-substituted tissue (Fig. 4F) (OP) of various tissues in developing and in mature leaves. A source leaf and a sink leaf from the same plant were sampled in two studies. In two other studies a developing leaf was chosen on each plant and both source and sink tissue were sampled from it as well as from a separate source leaf. The data reported below (Table I) are from one of the experiments in which a 42% FLL leaf was analyzed for ultrastructure, for phloem 
